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High-resolution microanalysis was performed on conodonts collected from the Huanghuachang section in the Yichang area using 
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). This region is regarded as a standard section for the 
division and correlation of the Ordovician system in southern China. The results show that the values of (La/Yb)N and (La/Sm)N 
decrease, while the values of  Ce increase as seawater deepens and energy decreases. As the sedimentary environment changes 
from shallow-water carbonate platform to platform margin to open continental shelf to shelf basin, rare earth element distribution 
curves gradually transform from a right inclined pattern to a flat pattern to a left inclined pattern and a hat-shaped pattern. The 
present work proves that the values and distributive patterns of rare earth elements in conodonts correspond with the sedimentary 
environment, and therefore provide reliable evidence for the application of rare earth element concentrations of biogenic phos-
phates such as conodonts for palaeoenvironmental reconstructions.  
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Studies of the evolution mechanisms of palaeo-seawater and 
the reconstruction of palaeoenvironments with shells con-
taining phosphates have received extensive global attention 
in recent years [1–5]. Although these studies have spanned 
the Paleozoic, and even included the Neoarchaean, the re-
sults are based on different materials (e.g. conodonts, shells, 
fishbones and others), methods and regions that are not suf-
ficient to elucidate the effects of sedimentary environments, 
tectonic movements and diagenesis on the distribution of 
rare earth elements (REE) in phosphate fossils. Therefore, a 
systematic study of continuously distributed phosphate 
shells (conodonts) in the Ordovician section of Huanghua-
chang, Yichang area was conducted by Chen et al. [6], us-
ing laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS). The results show that conodonts in 
the same section, but different sedimentary environments, 
have different REE distribution patterns that may be regarded 
as indicators of environment. Building on previous research, 
the present work aims to further disclose the effects of tec-
tonic movement as well as palaeogeographical and palaeo-
environmental changes in the distributions of REE, and thus 
provide the scientific evidence for the application of REE 
patterns in conodonts to palaeogeographic and palaeoenvi-
ronmental research. 
Geographically, Yichang, Hubei is a structurally unde-
formed area of the central Yangtze platform. Ordovician 
rocks, overlying Cambrian and underlying Silurian deposits, 
are widely distributed around the Huangling anticline (Fig-
ure 1). The Ordovician System, characterized by a strati-
graphically continuous succession, has an excellent fossil 
record in which conodonts are most abundant. As a standard 
section for the division and correlation of the Ordovician in  
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Figure 1  Generalized geological map of Yichang area (modified from 
[7]). 
China, the Huanghuachang section is of great importance to 
studies of biostratigraphic and chronostratigraphic strata 
[8–11], and lithofacies palaeogeography [8,12–17]. Thus it 
is an ideal section for the study of REE distribution patterns 
of conodonts as well as their significance for palaeogeo-
graphic and palaeoenvironmental research.  
1  Materials and methods 
The Ordovician section in Huanghuachang has well outcrops 
along the highway from Yichang City to Xingshan County. 
It can be divided into nine formations, which in ascending 
order are: the Nanjinguan, Fenxiang and Honghuayuan for-
mations of the Lower Ordovician, the Dawan and Guniutan 
formations of the Lower-Middle Ordovician, and the Miaopo, 
Baota, Linxiang, and Wufeng formations of the Middle- 
Upper Ordovician [7,8]. All of these strata are characterized 
by carbonates and abundant conodonts, with the exception 
of the Wufeng and Miaopo formations that mainly consist 
of black carbonaceous shale and the Fenxiang Formation 
that is yellowish-green shale. The lithostratigraphic units of 
the Ordovician discussed in this paper have been defined 
previously [6,8]. The serial numbers and positions of cono-
dont specimens were obtained from Ordovician biostrati-
graphic research in the Huanghuachang section by Wang et 
al. [8]. The conodonts of the Ordovician in Huanghuachang 
of the Yichang area showed a color alternation index (CAI) 
in the range of 2–3, indicating little or no alternation during 
the period of late diagenesis and metamorphism [18]. In 
addition, because a conodont crown has the most stable 
REE compositions, whereas the other parts of the conodont 
are strongly affected by selective uptake during diagenesis 
[19], conodont crowns were the focus of this study.  
The REE contents were analyzed by LA-ICP-MS (using 
an Elan 6100DRC system) at the State Key Laboratory of 
Geological Process and Mineral Resources, China Univer-
sity of Geosciences. The analytical method is as in Zhou et 
al. [20] and the results are listed in Table 1. 
2  Results and discussion 
2.1  Values of (La/Yb)N and (La/Sm)N  
The total rare earth element abundance (ΣREE) in the Or-
dovician conodonts of the Huanghuachang section (from the 
Nanjinguan Formation to the Linxiang Formation) varies 
between 216 and 693 g/g. The values are much higher than 
those of modern Pacific Ocean water, but consistent with 
the results of previous studies on fish teeth and conodonts 
[21,22]. Ordovician conodonts from the Huanghuachang 
section have a large variation of (La/Yb)N values (0.14– 
19.66) but a small variation of (La/Sm)N values (0.05–1.70) 
(Figure 2), suggesting that adsorption dominates the REE 
enrichment pattern in the region [22,23]. Based on the 
above results and analysis, the REE in the conodonts of the 
section accurately reflect the distribution patterns of REE in 
ancient seawater, considering that late diagenesis had little 
or no influence on the conodonts. 
As shown in Figure 2, there is a weak positive correlation 
between (La/Yb)N and (La/Sm)N values. A similar correla-
tion has also been reported in other periods such as the De-
vonian and Silurian [22,24]. From the Nanjinguan via Fen-
xiang and Honghuayuan to Dawan formations, the sedi-
mentary environment changes gradually from shallow-water 
platform to open deeper-water continental margin [6,12–16]. 
This process was recorded by a decrease in the (La/Yb)N 
and (La/Sm)N values in the conodonts of the Huanghua-
chang section. Specifically, conodonts in shallow water 
platform sediments such as the Nanjinguan, Fenxiang and 
Honghuayuan formations have relatively high (La/Yb)N and 
(La/Sm)N values, whereas those in open continental shelf 
sediments like the Dawan Formation have relatively low 
(La/Yb)N and (La/Sm)N values. As for the Guniutan, Miao-
po, Baota and Linxiang formations lying above the Dawan 
Formation, the sedimentary facies are mainly from the 
shelf-basin margin, similar to the Dawan Formation. Con-
sequently, the ranges of conodont (La/Yb)N and (La/Sm)N 
values are close to those of the Dawan Formation. The cor-
relation between variations in (La/Yb)N and (La/Sm)N val-
ues and sedimentary environment change may be attributed 
to the following. In the shallow-water near-shore environ-
ments, stronger erosion of terrigenous components, espe-
cially La-rich volcanic materials, contributed greatly to the 
relative higher values of (La/Yb)N and (La/Sm)N in seawater.  
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Figure 2  The relationship between normalized La/Yb ratios and La/Sm ratios for Ordovician conodonts of the Huanghuachang section, Yichang area.  
On the contrary, in the deep-water environments far from 
shore, weaker erosion led to relatively lower values of 
(La/Yb)N and (La/Sm)N. Therefore it can be concluded that 
(La/Yb)N and (La/Sm)N are potential indicators of water- 
depth and palaeoenvironment. 
2.2  REE distribution patterns 
There are remarkable differences in the average North 
American shale (shown in Gromet et al. [25]) normalized 
REE distribution patterns of conodonts collected from dif-
ferent Ordovician strata in the Yichang Area. Among them, 
conodonts in the Nanjinguan and Honghuayuan formations 
of the Early Ordovician have right inclined REE patterns, 
with obvious light rare earth element (LREE) enrichment 
and heavy rare earth element (HREE) depletion (Figure 3a). 
This is in accordance with the relatively high (La/Yb)N and 
(La/Sm)N values in these strata. A possible reason for this is 
that the seawater in the shallow-water carbonate platform 
can more easily be affected by terrigenous material, espe-
cially La-rich volcanic materials [26]. 
Unlike the REE distribution curves of the Nanjinguan 
and Honghuayuan formations, the conodonts of the Fen-
xiang Formation exhibit flat and serrated REE distribution 
curves (Figure 3b). Such patterns can be compared to those 
of the Upper Ordovician deposits from the Southern Up-
lands of Scotland [27], indicating no apparent fractionation 
between the LREE and HREE, and a relatively stable struc-
ture with little effect from terrigenous materials [27,28]. In 
the previous study, the sedimentary environment of the 
Fenxiang Formation was considered to consist of platform 
margin shoals or organic reefs, far from shore [8].   
There are at least three types of REE patterns for Dawan 
Formation conodonts (Figure 3c–e). The first type is a 
nearly flat and serrated distribution. This pattern is common 
in the Lower Member and the upper part of the Middle 
Member of the Dawan Formation, which has a sedimentary 
environment that is similar to the Fenxiang Formation. The 
second type, mainly observed in the Upper Dawan For-
mation, is characterized by a left inclination with a slight 
LREE depletion and HREE enrichment. Such patterns can 
be compared to those of the Ordovician cherts in North Qi-
lian [29] and are close to those of the Atlantic and Pacific 
water signatures for the depth interval 600–2500 m [23], 
and to anoxic seawater (Black Sea, Saanich Inlet) and estu-
arine water (Chao Phraya) [5], indicating further deepening 
of the water body and decreasing influence of terrigenous 
materials on REE in the seawater during the period. That 
can be proved by globally distributed deep-water graptolites 
such as U. austrodentatus, Undlograptus sinodentatus, etc. 
[8,12], and also by the globally anoxic event beginning at 
the Darriwillian [30]. The third type, namely bell-shaped 
patterns, exhibits a strong enrichment in middle rare earth 
element. Such patterns seldom appear in the Lower Member 
but gradually become common from the Middle to Upper 
Members of the Dawan Formation then to the Guniutan 
Formation. Such bell-shaped patterns most especially exist 
for conodonts in all strata above the top of the Guniutan 
Formation, including the Miaopo, Baota and Linxiang for-
mations (Figure 3f). 
There are two possible reasons for the variety of REE 
patterns in Dawan Formation conodonts. One is the gradual  
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Figure 3  NASC-normalized REE patterns for Ordovicion conodonts of the Huanghuachang section, Yichang area. a, Nanjinguan and Honghuayuan for-
mations; b, Fenxiang Formation; c, Lower Dawan Formation; d, Middle Dawan Formation; e, Upper Dawan Formation; f, Baota Formation. 
deepening of seawater as the sedimentary environment changes 
from shallow-water platform to platform margin, then to 
shelf and finally to basin margin [8,12,31]. The other reason 
is the palaeotectonogeographic and palaeobiogeographic 
changes of the Yangtze Area that occurred after the deposi-
tion of the Middle Dawan Formation. According to the 
graphic correlation of the Ordovician chitinozoan ranges in 
South China, the sedimentation rate increased noticeably 
after the last appearance of Clavachitina langei in North 
Guizhou province [6]. Because Clavachitina langei is a 
chitinozoan index fossil from the latest period of the Early 
Ordovician, the increased sedimentation rate indicates a fast 
deposition at North Guizhou and East Chongqing on the 
leading edge of Qianzhong Upheaval after the Early Ordo-
vician. This event accompanied with the continuous sub-
sidence of the Yichang area suggests that the palaeotec-
tonogeographic background of the region of the Middle 
Yangtze gradually changed from a simple carbonate plat-
form in the Early Ordovician to analogous foreland basins 
in the Middle Ordovician. This foreland-like basin finished 
forming during the Late Ordovician [32]. From a palaeobi-
ogeography aspect, the area of the Yangtze gradually changed 
from a warm middle-low latitude Laurentian-Siberian bio-
geographic region during the Early Ordovician to the cold 
middle-high latitude European-Asian biogeographic region 
after the Middle Ordovician [33]. Based on the above dis-
cussion, it can be concluded that the bell-shaped REE pat-
terns of the Ordovician conodonts from the Huanghuachang 
section are controlled by palaeotectonogeographic and pal-
aeobiogeographic variations in frequency and time. Thus 
the bell-shaped REE patterns may be the typical REE dis-
tribution patterns of the conodonts in a foreland basin, re-
sulting from the combined effects of water depth and the 
introduction of terrigenous materials on the seawater REE 
rather than from diagenesis, which is in agreement with the 
CAI range (2–3) for conodonts [18,23,34]. 
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2.3  Ce anomalies 
Ce anomalies play a significant role in interpretations of 
water depth or chemical conditions [1,35,36]. Figure 4 shows 
the variation of Ce anomalies (expressed by  Ce values) 
from the Ordovician conodonts recovered from the Huang-     
huachang section in Yichang. Two different grades of Or-
dovician sea-level fluctuation in the Yangtze Gorges Area 
are also compared. Generally, an increasing trend exists in 
the Ce anomalies from the Lower to Upper Ordovician. This 
trend is in accordance with the gradually rising sea level and 
deepening water interpreted from earlier research of the 
local sedimentary history and palaeoecology of benthic 
fauna [6,7,12–16,37]. In particular, the Middle Nanjinguan, 
Fenxiang and Honghuayuan formations deposited on the 
carbonate platform-platform margin have weak-to-modera-    
tely negative Ce anomalies, indicating an oxygen-rich and 
shallow-water environment. However, the Lower and Upper  
 
Figure 4  The evolution pattern of Ce anomalies for Ordovicion cono-
donts of Huanghuachang section, Yichang Area.  Ce values are calculated 
by  Ce = Ce/(La*Pr)1/21. The sea-level fluctuation trend is modified from 
[6,37]. 
Nanjinguan, Dawan, Baota and Linxiang formations depos-
ited on the shelf-basin margin exhibit notable positive Ce 
anomalies, which indicate an oxygen-deficient environment. 
There are two main reasons for the notable negative Ce 
anomalies in the Guniutan and Miaopo formations. One is 
related to the contribution of La-rich terrigenous clastics to 
the seawater REE of the Yangtze Basin during the for-
mation of the foreland basin [2]. The other reason is closely 
related to regression during the late Darriwillian. An im-
portant piece of evidence of the regression in the Yichang 
area is the unconformity that is marked by the absence of 
conodonts between the Guniutan and Miaopo formations 
[6,37]. Because of the intense regression, the sedimentary 
environment of the Guniutan Formation was transformed 
from deep-water shelf at the base to oxygen-enriched shal-
low sea at the top, resulting in the depletion of Ce in the 
seawater by the oxidation of Ce3+ to Ce4+ and its incorpora-
tion into Fe-Mn nodules [36]. As for the Miaopo Formation, 
although the black shales were mainly developed in the hy-
poxic-reductive confined basins, the exact origin of the 
limestone is the saturated CaCO3 in the slightly-oxidized 
water of the basin margin, which is confirmed by the bone 
fragments of Cystoidea scattered in the nodular limestones 
[12].  
Bulk sediment Ce anomalies (e.g. shale, carbonates and 
flints) have been extensively used in the past to reconstruct 
palaeo-redox conditions [29,36,38–40]. However, the relia-
bility and applicability is still unclear. Early diagenesis 
probably changed the REE composition of the sedimentary 
rocks [41]. The tectonic setting is also an important influ-
encing factor. The erosion of terrigenous material, especial-
ly volcaniclastics with enriched La, may affect the REE 
distribution of seawater and exaggerate the Ce negative 
anomalies [22,26,38]. Additionally, it is important to note 
that the palaeo-redox conditions recorded by bulk sediment 
Ce anomalies may be inconsistent with the fact. For in-
stance, as mentioned above, in oxygen-rich environments, 
Ce3+ can be oxidized to Ce4+ and incorporated into Fe-Mn 
nodules, resulting in the negative Ce anomalies of seawater. 
However, the subsequent deposition of those Fe-Mn nod-
ules may compensate for the Ce negative anomalies of the 
sediment. In fact, the correlation of (La/Sm)N to  Ce (Fig-
ure 5) indicates that there is no correlation between terri-
genous material and  Ce values. Additionally, the most 
negative Ce anomaly occurs in the Guniutan Formation, 
which has lower mud content (Figure 5). Thus, it can be 
concluded that the controlling factors on Ce anomaly should 
be the redox conditions or water depth rather than the mud 
content in the seawater.  
3  Conclusions 
The following conclusions can be drawn from the analyses 
of rare earth elements in the Ordovician conodonts of the  
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Figure 5  The Ce anomaly ( Ce) vs. (La/Sm)N ratios for Ordovician 
conodonts in Huanghuachang section, Yichang. 
Huanghuachang section. 
(1) The REE of the conodonts may be a good indicator of 
REE distributions in palaeo-seawater, with adsorption being 
the main process of REE enrichment in the conodonts.  
(2) Values of (La/Yb)N and (La/Sm)N are relatively large 
on the shallow-water carbonate platform to platform margin 
but relatively small on the open continental shelf to shelf 
basin. The (La/Yb)N and (La/Sm)N values of conodonts can 
be developed as a potential indicator of seawater depth. 
(3) As the sedimentary environment changes from shallow- 
water carbonate platform to platform margin to open conti-
nental shelf to shelf basin, the REE distribution curves 
transform gradually from a right inclined pattern to a flat 
pattern, a left inclined pattern and finally a hat-shaped pat-
tern, which can be considered to indicate the foreland basin. 
Therefore REE distribution patterns can be used to indicate 
environmental changes. 
(4) The Ce in the Ordovician conodonts of the Huanghua-
chang section shows negative anomalies in shallow and ox-
idized environments and positive anomalies in the deep and 
anoxic environments. There is an increasing trend of posi-
tive anomalies as the water deepens. As an indicator of the 
palaeo-oceanic redox conditions or water depth, the Ce 
anomalies of conodonts may be a better geochemical tracer 
than those of the bulk sediments. 
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